We report the design and performance of GaAs/ Al 0.15 Ga 0.85 As terahertz quantum cascade lasers with double-phonon resonant depopulation and a vertical lasing transition. Devices were processed into gold-clad double-metal waveguides. Lasing at 3 THz was observed up to a heat-sink temperature of 172 K, which compares favorably with the performance of single-phonon resonant depopulation devices based on vertical lasing transitions. These results demonstrate that terahertz quantum cascade lasers based on double-phonon depopulation designs may be a viable alternative to single-phonon depopulation designs for achieving high-temperature operation.
Since their initial demonstration in 2002, 1 terahertz quantum cascade lasers ͑THz QCLs͒ have developed remarkably. The maximum operating temperature of these devices in pulsed mode has been improved from 50 K in the initial report 1 to the current record of 186 K ͑in the absence of an external magnetic field͒. 2 Further improvement in the temperature-performance is required, however, to enable operation with thermoelectric coolers or, ideally, room temperature operation.
Two principal mechanisms are believed to prevent the operation of current THz QCL designs at higher temperatures: longitudinal optical ͑LO͒ phonon scattering of thermal electrons in the upper laser state and backfilling of the lower laser state by thermal electrons from the laser injector. 3 Currently, state-of-the-art GaAs/ Al 0.15 Ga 0.85 As THz QCLs use a single-phonon resonant depopulation scheme ͑"singlephonon" devices͒, where the lowest injector state is separated from the lower laser level by the LO phonon energy. [2] [3] [4] Since the LO phonon energy is 36 meV in GaAs and the electron temperature in a QCL is typically 50-100 K above the lattice temperature, 5 we expect to have 15%-20% of electrons in the injector backfill the lower laser state in devices operating at a lattice temperature of 180 K. Here we used a Boltzmann distribution for the estimate, which is a good approximation for THz QCLs which have low doping density so that the Fermi energy at 180 K is much lower than the lowest energy sub-band. This backfilling problem will become more pronounced as the operating temperature increases further.
THz QCLs that utilize double-phonon resonant depopulation of the lower laser state could effectively suppress thermal backfilling. In such double-phonon resonant depopulation devices ͑"double-phonon" devices͒, 6 the total energy separation between the lowest injector state and the lower laser level is twice the LO phonon energy. As a result, from the Boltzmann distribution, the backfilling is expected to be reduced to 3%-5% of the total number of electrons in the injector, assuming GaAs-based devices with electron temperature 230-280 K ͑which corresponds to a lattice temperature of 180 K͒. We note that, compared to single-phonon THz QCLs, double-phonon devices typically require a more sophisticated injector design with more energy levels. These devices may have a larger fraction of doped electrons residing in the injector during laser operation, which may lead to increase in parasitic absorption and reduction in the laser gain and will adversely affect temperature performance. A successful double-phonon THz QCL needs to have a simple injector design with little parasitic absorption and fast electron transport.
Two different double-phonon THz QCL designs have been previously reported, using the GaAs/ Al 0.3 Ga 0.7 As material system. 7 These devices operated at frequencies around 3 THz, and the best design achieved a maximum operating temperature of 138 K, 7 which is considerably lower than that achieved with single-phonon designs at similar emission frequencies. 4, 8 However, it is difficult to draw any general conclusions from this comparison as the design space of double-phonon THz QCLs is virtually unexplored and the devices in Ref. 7 had complicated injectors susceptible to parasitic absorption. Furthermore, all highperformance single-phonon THz QCLs to date utilize GaAs/ Al 0.15 Ga 0.85 As materials. GaAs/ Al 0.15 Ga 0.85 As heterostructures have a conduction band offset of approximately 0.135 meV, which is a factor of two smaller than that in GaAs/ Al 0.3 Ga 0.7 As/ GaAs. A smaller conduction band offset allows for better energy level control in THz QCLs, and leads to a reduced interface roughness scattering and linewidth broadening. 9 In this work, we present results for double-phonon THz QCLs designed in the GaAs/ Al 0.15 Ga 0.85 As material system. In contrast to previouslyreported double-phonon QCLs, 7 our devices demonstrate a temperature performance that is comparable to, or better than that of state-of-the-art single-phonon designs of similar emission frequency. The conduction band diagram for the double-phonon devices tested in this work is shown in Fig. 1͑a͒ . For comparison, we also designed and tested single-phonon THz QCLs based on a similar design concept; the band diagram for these devices is shown in Fig. 1͑b͒ . The values of the transition dipole moments and upper-lower laser level spacing in both laser designs are also shown. To reduce current leakage from the upper laser state and parasitic absorption, we made an effort to maximize the energy separation between the electron levels needed for laser operation and parasitic levels. In particular, we used a two-well injector design to push parasitic energy levels ͓levels 7 and 8 in Fig. 1͑a͒ and level 4 in Fig. 1͑b͔͒ higher in energy compared to their positions in three-quantum-well THz QCLs ͑Refs. 2, 4, and 10͒ and a possible double-phonon derivative of these devices.
Both lasers were designed with injection and extraction anticrossing energies of ⌬ inj Ϸ 2.0 meV and ⌬ extr Ϸ 4.0 meV, respectively. The QCL material was grown by molecular beam epitaxy on an undoped GaAs substrate; the growth sequence started with a 250-nm-thick undoped GaAs buffer layer. This was followed by a 300-nm-thick Al 0.5 Ga 0.5 As etch-stop layer, a 75-nm-thick layer of GaAs n-doped to 5 ϫ 10 18 cm −3 , a 10-m-thick active region consisting of multiple repetitions of the layer sequences listed in the Fig. 1 caption, and finally a 50-nm-thick GaAs layer n-doped to 5 ϫ 10 18 cm −3 . The material was processed into Ti/Au metal-metal waveguides using thermocompression wafer bonding in a process similar to that outlined in Ref. 8 . The top metal cladding layer consisted of 10 nm Ti/180 nm Au, and the bottom metal cladding layer consisted of 10 nm Ti/500 nm Au.
Samples were cleaved into laser bars with approximately 2-mm-long laser cavities, and mounted with indium solder onto copper carriers for testing in a vacuum cryostat. Wire bonds were made directly to the upper cladding layer of the ridge waveguides. Testing was carried out in pulsed mode with 100 ns pulses at a 2.5 kHz repetition rate. Peak powers were measured with a calibrated helium-cooled silicon bolometer using two 2 in. off-axis parabolic mirrors as follows: one with a 5 cm focal length to collect light from the device, and the other with a 15 cm focal length to focus it onto the detector. Spectra were obtained using a Fourier-transform infrared spectrometer. The current-voltage ͑I-V͒ and output power-current ͑L-I͒ characteristics of the single-phonon and double-phonon devices are presented in Figs. 2͑a͒ and 2͑b͒ , respectively. The laser power in the L-I curves was corrected for the collection efficiency of our experimental apparatus. Figure 2 shows that, at low temperatures ͑78 K͒, doublephonon lasers have much lower threshold current densities than single-phonon devices. Since our double-phonon devices have considerably higher sheet density per QCL stage ͑3.8ϫ 10 10 cm −2 versus 2.5ϫ 10 10 cm −2 ͒, and a higher average doping density ͑6.2ϫ 10 15 cm −3 versus 5.9 ϫ 10 15 cm −3 ͒, compared to their single-phonon counterparts, the observed lower threshold current density for doublephonon devices indicates suppression of parasitic current channels and a more efficient electron injection into the upper laser state. We note that single-phonon devices are susceptible to parasitic current that is produced by electron tunneling from the lower injector state to the upper injector state in the next QCL stage and subsequent LO-phonon relaxation. 2 Using this model we obtain parasitic current of 810 A / cm 2 for single-phonon devices, which is close to the experimental value. This approach, however, cannot be used to calculate parasitic current in double phonon devices because only at operational bias do energy levels align to allow electron transport through the whole QCL period. This property of double-phonon devices is likely the reason for lower E 54 = 14.3 meV z 54 = 54 Å parasitic current. Detailed analysis of parasitic current in double-phonon devices needs to include the consideration of space-charge buildup during electron transport and is beyond the scope of this paper. The dependence of threshold current density ͑J th ͒ on temperature for the two device designs is shown in Fig. 3 . Although the data in Fig. 3 cannot be easily fitted to obtain values of the characteristic temperature ͑T 0 ͒ for these devices, the plots do suggest that the doublephonon device displays a weaker temperature dependence of J th .
The maximum operating temperature ͑T max ͒ for both device designs was achieved with devices with ridge widths of ϳ100-120 m. The single-phonon devices lased up to a heat sink temperature of 156 K while the double-phonon devices operated to 172 K. We note that the devices were processed with Au-Au metal waveguides, which suggests that their maximum operating temperature could be 10-15 K higher if processed into copper-copper waveguides. 4 To verify the quality of our material and processing, we also grew and processed ͑into Au-Au waveguides͒ a reference THz QCL of design similar to that reported in Ref. 4 . These devices operated up to T max of 164 K, which is consistent with the Ref. 4 results.
As seen in the I-V characteristics in Fig. 2 , the operation voltages for both devices are considerably higher than the values of 14.3 and 12.8 V expected from the band structure calculations ͑Fig. 1͒. A similar discrepancy has been observed previously 11, 12 and is likely to be due to the nonalloyed contact resistance in our structures. At higher temperatures, the L-I curve for the double-phonon device displays two peaks, with the second peak being past the onset of the "negative differential resistance" region in the I-V curve, see the L-I curve for T = 170 K in Fig. 2͑b͒ . While this phenomenon is not very pronounced, it has been confirmed in all tested devices. The second peak in the L-I curve occurs at a bias voltage approximately 2.2 V above that of the initial peak. This voltage change translates into an additional 14 meV electron energy drop per quantum cascade stage which makes level 9Ј aligned with the levels 3 and 4 and creates an additional current channel. We have observed that the laser emission frequency remains constant as the laser goes into the "negative differential resistance" regime and believe therefore that the effect is likely to be caused by the misalignment of electron levels "1" and "2" ͑Fig. 1͒ in the two adjacent "phonon relaxation" sections of the device band structure. In this case, most of the additional voltage drop occurs around the 5.2 nm barrier, and the region of the band structure containing the laser levels is not expected to change.
In summary, we have demonstrated high-performance THz QCLs with double-phonon resonant depopulation. Devices operated in pulsed mode up to a T max of 172 K, which is the highest operating temperature achieved to date by THz QCLs with gold double-metal waveguides. Our results demonstrate that THz QCLs based on double-phonon depopulation designs are a viable alternative to single-phonon depopulation designs for achieving high-temperature operation. 
